Introduction 56
Energy drinks, high in both sugar and caffeine, are consumed frequently by young people 57 (Zucconi et al., 2013) . Overconsumption of sugar-sweetened beverages, including soft-drinks, is 58 associated with poor physical health outcomes such as obesity and type-2 diabetes (Te Morenga 59 et al., 2014). The addition of caffeine to sugar-sweetened beverages in the form of "energy drinks" 60 may further exacerbate physical and mental health problems (Koivusilta et al., 2016) . Caffeine is 61 a cognitive stimulant and can enhance the rewarding properties of soft drinks (Costa et al., 2014) . 62
Caffeine acts as an antagonist at adenosine receptors and potentiates the release of 63 neurotransmitters involved in reward, mood, and cognition (Fredholm et al., 1999) . Regular 64 caffeine intake persistently antagonises A 1 and A 2a adenosine receptors, upregulating adenosine 65 A 1 receptors in the amygdala and hippocampus, which may underpin changes in emotion and 66 cognition (Shi et al., 1993) . 67 68 Sucrose and caffeine consumption separately impact cognitive performance in rodents 69 (e.g., Ardais et al., 2016; Reichelt et al., 2016) . Daily access to sucrose, either intermittently or 70 continuously disrupts place recognition memory, but not object recognition memory with short 71 (5 min) retention intervals, indicative of impaired hippocampal, but no perirhinal cortex, function 72 (Abbott et al., 2016; Beilharz et al., 2016; Kendig et al., 2013) . Chronic sucrose intake impaired 73 hippocampal-mediated long-term object recognition memory in adolescent rats when retention 74 intervals were extended to 1h (Jurdak and Kanarek, 2009 ). Moreover, intermittent (2h) daily 75 access to 10% sucrose reduced hippocampal immunoreactivity in parvalbumin (PV)-expressing 76 GABAergic interneurons (Reichelt et al., 2015) and doublecortin in the dentate gyrus (DG) 77 , indicating that sucrose impacts on aspects of inhibitory neurotransmission 78 and neuroproliferation in the hippocampus. In contrast, caffeine consumption has been shown to 79 improve memory performance in rats (Ardais et al., 2014; Costa et al., 2008) . Intermittent (12h / 80 day) access to 0.04% or 0.08% caffeine for 20 days improved perirhinal-mediated object 81 recognition memory (Ardais et al., 2014) and 90 days of caffeine supplemented chow selectively 82 enhanced long-term object recognition memory (Abreu et al., 2011) . However, little is known 83 how the combination of caffeine and sucrose impacts on behaviour, and what neurobiological 84 changes might underpin these effects. 85 86 Anxiety has been linked to frequent energy drink intake in young people (Stasio et al., 87 2011; Trapp et al., 2014) . Separately, high sucrose diets and caffeine-supplemented diets in rats 88 evoke anxiety-like behaviours (e.g., Avena et al., 2008; O'Neill et al., 2016) . Ardais et al. (2014) 89 reported that adolescent male rats with continuous access to caffeine for 25 days displayed 90 increased anxiety-like behaviour in the elevated plus maze (EPM). Adolescent (but not adult) 91 male rats with chronic 0.03% caffeine intake for 28 days showed heightened anxiety-like 92 behaviour in the EPM and open-field and increased amygdala and hypothalamus cortisol 93 expression following 7 days caffeine abstinence, mimicking aspects of caffeine dependency 94 In this study, we sought to determine the impact of daily intermittent sucrose and sucrose 104 plus caffeine on anxiety and memory in young male rats. As previous studies have linked 105 reduced parvalbumin and doublecortin immunoreactivity to intermittent sucrose access induced 106 cognitive deficits (Reichelt et al., 2015; Reichelt et al., 2016) we examined the effect of sucrose 107 and sucrose plus caffeine examined these markers in the hippocampus and basolateral amygdala 108 (BLA). Parvalbumin-expression in the BLA is linked to anxiety-like behaviour (Urakawa et al., 109 2013) , as such we also measured parvalbumin-immunoreactivity across treatment groups in this 110 region. 111 112 2. Method 113
Subjects 114
Three-week-old male Sprague-Dawley rats (N = 36) were supplied by the Animal 115
Resources Center, Western Australia. Rats were group-housed, 4 per plastic cage (26×40×60 cm), 116 in a 21േ2Ԩ colony room on a 12h light/dark cycle (lights on at 7:00 am). Rats were weight-117 matched across diet groups and allocated to Control (N = 16), Sucrose (Suc; N = 8) or Sucrose 118 plus caffeine (CafSuc; N = 12) conditions. Body weight and 24h chow intake (converted into kJ) 119
were measured twice weekly. Experimental procedures were approved by the RMIT University 120 Animal Ethics Committee. 121
Diet conditions 122
Starting at postnatal (P) day 28, Suc and CafSuc treatment groups received 2h daily 123 access (9:00-11:00am) to a bottle of 10% sucrose (w/v) or 10% sucrose + 0.04% caffeine (w/v) 124 solution in their home-cages across a 28 day period (P28-P55) that encompassed adolescence 125 (Spear, 2000) . Sucrose and caffeine concentrations and the caloric densities (1.7 kJ/ml) of the 126 solutions were comparable to commercial sugar-sweetened soft drinks and energy drinks (e.g. 127
Red Bull, Monster, V). A caffeine alone group was not used in this study due to the bitter nature 128 of 0.04% caffeine, which was found to not be readily consumed by rats over the 2h access period. 129
It was deemed that other routes of caffeine administration (oral gavage, intraperitoneal 130 injections) would not be comparable to the 2h limited access protocol in the Suc and CafSuc 131 conditions due to potential stress or altered pharmacokinetics. Consumption of the solutions was 132 recorded daily by weighing bottles before and after access. All rats had ad-libitum access to 133 standard laboratory chow (11 kJ/g) and water. 134 135
Behavioural Procedures 136
Figure 1 outlines the experimental timeline. Behavioural testing commenced after the rats 137 had been exposed to Suc and CafSuc solutions for 2h/day for 14 days. Each rat was tested on the 138 elevated plus maze (EPM), open-field, novel place recognition (NPR) and short-and long-term 139 novel object recognition (NOR) tasks across experimental days 14-28, between 9:00am-2:00pm. 
Novel Place Recognition (NPR) and Novel Object Recognition (NOR) tasks -Commercial 167
objects (e.g., bottles) of differing heights, widths, and colour were used as stimuli within the 168 square open-field arena. Figure 1B and C illustrates the NPR and NOR tasks. Each rat was 169 placed in the arena and could explore two identical objects for 5 min (sample phase). Rats were 170 then removed for a 5 min (NPR and NOR) or 24h (long-term NOR) retention interval. Rats were 171 returned to the arena (3 min, test phase) and could explore a familiar and novel located sample 172 object (NPR), or a familiar and novel object (NOR). Object exploration times were scored using 173
ODLog to calculate exploration ratios (eRs), eR = Time novel / (Time novel + Time familiar ). An eR 174 greater than 0.5 indicated preference for the novel location/object and intact memory. An eR ≤ 175 0.5 indicated an equal preference for novel and familiar locations/objects, or preference for the 176 familiar object, and therefore impaired memory. 177 were imaged using an automated slide-scanner (Olympus VS120-S5, 10× objective lens, 203
Olympus VS-ASW software). Total counts of parvalbumin immunoreactive cells (PV+ cells) 204 were made from 3-4 sections per animal from the left hemisphere using ImageJ (v1.46; http://imagej.nih.gov/ij). Counts were made from the dorsal hippocampus (between bregma -206 2.6mm and -3.8mm) separated into the CA1, CA3 and DG regions, and the BLA (lateral and 207 basal nuclei, between bregma −2.2 mm and −3.4 mm). Regions were delineated using clearly 208 visible landmarks and predefined boundaries according to a rat brain atlas (Paxinos and Watson, 209 2013) . indicated by a significant time×diet interaction, F(3, 9) = 16.7, p < .001. CafSuc solution intake 264 exceeded that of Suc from week 2 onwards: week 2 (F(1, 3) = 31.5, p = .01); week 3 (F(1, 3) = 265 45.7, p = .007); week 4 (F(1, 3) = 16.7, p = .03). 266 Total 24h energy intake increased at a similar rate between groups (see Figure 2C) , 267 indicated by a significant main effect of time, F(1.28, 7.66) = 103.9, p < .001, but no significant 268 main effect of diet, F(2, 6) = 1.23, p = .36, or time×diet interaction, F(2.55, 7.66) = 2.84, p = .11. 269
However, chow 24h energy intake differed between groups across time, indicated by a significant 270 time×diet interaction, F(6, 18) = 5.04, p < .001. Control chow energy intake exceeded that of Suc 271 (p = .03) and CafSuc (p = .03) in week 3. Daily 2h solution energy intake differed between Suc 272 and CafSuc groups across time, indicated by a significant time×diet interaction, F(3, 9) = 9.1, p 273 = .004. CafSuc solution energy intake exceeded that of Suc from week 2 onwards: week 2 (F(1, 274
3) = 18.6, p = .02); week 3 (F(1, 3) = 11.8, p = .04); week 4 (F(1, 3) = 48.5, p = .006). 275
Elevated Plus Maze 276
Groups differed in %Time closed as shown in Figure 3A , demonstrated by a significant 277 main effect of diet, F(2, 33) = 8.5, p = .001. Suc and CafSuc rats showed increased anxiety-like 278 behaviour, spending significantly greater %Time closed than Controls (Suc p = .004; CafSuc p = .006), but comparable %Time closed to each other (p = 1.00). Figure 3B shows that groups also 280 differed in %Time centre (significant main effect of diet, F(2, 33) = 11.0, p < .001). Suc and CafSuc 281 rats spent significantly less %Time centre than Controls (Suc p = .001; CafSuc p = .002), but 282 comparable %Time centre to each other (p = .73). There were no group differences in %Time open , 283 F(2, 20.28) = 1.7, p = .21 (see Figure 3C ). 284
Groups differed in time spent head dipping, engaged in risk assessment and rearing but 285 not in grooming and freezing behaviour in the EPM as shown in Table 1 . 286 
Open-Field 293
Figures 3D show that groups differed in %Time border (significant main effect of diet, F(2, 294 33) = 11.5, p < .001). CafSuc treatment rats spent significantly less %Time border than Control (p 295 < .001) and Suc (p = .001) treatment groups, indicative of reduced anxiety-like behaviour. 296
However, groups did not differ in distance travelled (see Fig 3E) , demonstrated by no significant 297 main effect of diet, F(2, 33) = 1.6, p = .21, indicating similar locomotor activity. 298 object: NPR F(2, 31) = 2.9, p = .10; short-term NOR F < 1; long-term NOR F(2, 31) = 2.6, p 314 = .115; or significant time×diet interaction, NPR F < 1; short-term NOR, F < 1; long-term NOR, 315 
Test phases 323
Novel Place Recognition Groups differed in place eRs as shown in Figure 4A , indicated 324 by a significant main effect of diet, F(2, 30) = 5.3, p = .01. The Suc group showed an equal 325 preference for novel and familiar located objects, indicative of impaired spatial memory. Control 326 and CafSuc groups demonstrated intact place memory (eRs > 0.5), with significantly greater eRs 327 compared to the Suc treatment group (Control p = .032, CafSuc p = .011), but comparable eRs to 328 each other (p = .80). 329 330 Short-term Novel Object Recognition. All conditions displayed intact short-term novel 331 object recognition. No significant differences were observed between treatment groups as shown 332
in Figure 4B (F < 1). All groups had eRs greater than 0.5, indicating a preference for the novel 333 object. 334
Long-term Novel Object Recognition. Groups differed in long-term object memory as 336
shown in Figure 4C , indicated by a significant main effect of diet, F(2, 31) = 4.97, p = .01. 337
CafSuc treatment groups demonstrated intact long-term object memory (eR > 0.5), exhibiting 338 greater eRs than Suc treatment groups (p = .010) and comparable eRs to Controls (p = .16). The 339
Suc treatment group did not differ significantly to Controls (p = .26), however had a mean eR of 340 0.5, indicating equal preference for novel and familiar objects and impaired long-term object 341 memory. 
Parvalbumin immunoreactivity 352
Groups significantly differed in counts of overall dorsal hippocampal PV+ cells (see 354 Figure 5A ; significant main effect of diet, Welch's F(2, 33) = 6.5, p = .004) with the Suc 355 treatment group displaying significantly fewer overall hippocampal #PV+ cells than Control (p 356 = .005) and CafSuc (p = .001) treatment groups. Groups differed in counts of PV+ cells in 357 hippocampal subfields (see Figure 5C ) CA1 (significant main effect of diet, Welch's F(2, 33) = 358 20.3, p = .03) and CA3 (significant main effect of diet, Welch's F(2, 33) = 20.2, p < .001) but not 359 DG (no significant main effect of diet, F(2, 33) = 2.3, p = .12). Controls had significantly more 360 CA1 #PV+ cells than Suc (p = .02) but comparable CA1 #PV+ cells to CafSuc (p = .82) rats. 361
Control and CafSuc treatment groups displayed significantly more CA3 #PV+ cells than Suc 362 (Control p < .001; CafSuc p = .004) and comparable CA3 #PV+ cells to each other (p = .58). 363 Groups differed in %Area DCX (Figure 6 ), demonstrated by a significant main effect of diet 389 F(2, 33) = 8.9, p = .001. Relative to Controls, %Area DCX was significantly reduced in CafSuc 390 treatment (p = .001), indicating reduced doublecortin immunofluorescence; but %Area DCX did 391 not differ compared to controls in the Suc treatment group (p = .17). improved long-term object memory performance relative to Suc treatment, demonstrating that 415 the addition of caffeine to sucrose may enhance aspects of memory consolidation. However, as a 416 caffeine only control group was not used in this experiment it cannot be concluded whether the 417 general cognitive enhancing effects in this test were due to caffeine alone or caffeine in 418 combination with sucrose. 419 420 All groups showed intact short-term object recognition memory, which is typically 421 dependent on perirhinal, rather than hippocampal, function (Bartko et al., 2007) . Previous studies 422 have shown that short-term object memory function in rats was not disrupted following either 423 intermittent (Abbott et al., 2016) observation contrasts a previous study that showed continuous caffeine intake increased anxiety-437 like behaviour in rats (Abreu et al., 2011) . The differences in anxiety-like behaviour could arise 438 from the intermittent access procedure used in our current study. As such, recent access to 439 to examine whether anxiety-like behaviours differed between groups in the EPM immediately 441 following access to sucrose / CafSuc. The increased anxiety observed in both Suc and CafSuc 442 treatment group suggests that regular consumption of these solutions can impact upon aspects of 443 emotional behaviour. This observation complements human studies correlating energy drink 444 intake and reported anxiety in young people (Stasio et al., 2011; Trapp et al., 2014) , and that 445 caffeine improved subjective mood in habitual caffeine consumers (Yeomans et al., 2002) . 446
447
The sucrose group showed decreased hippocampal parvalbumin immunoreactivity, as 448 previously observed in rats consuming high sucrose diets (Reichelt et al., 2015) . However, 449 parvalbumin immunoreactivity in the CafSuc group did not differ to the control group. This In this experiment, the CafSuc treatment group consumed significantly more solution 497 than Suc rats from week 2 onward. It is hypothesised that the addition of caffeine may have 498 enhances the reinforcing effect of sucrose, particularly as caffeine can promote dopamine 499 signalling (Nall et al., 2016) and synergistically activates dopamine D2-like receptors (Manalo 500 and Medina, 2018). This provides a putative mechanism that also supports studies in humans 501 demonstrating that the addition of caffeine to sugar-sweetened beverages increases consumption 502 (Keast et al., 2015) . Body weight differences were not observed between treatment groups. This 503 may be due to a general reduction in chow consumption leading to the titration of overall energy 504 intake (Kendig et al., 2013) . Moreover, the rapid growth occurring during the adolescent period 505 has been shown to be protective against hypercaloric diet-induced weight gain, and has been 506 observed in both rats (Baker and Reichelt, 2016) and mice (Labouesse et al., 2013) . 507
In this study we provide evidence comparing the behavioural and neurobiological impact 510 of the consumption of sucrose solution and sucrose plus caffeine solution in rats to model the 511 consumption of soft drinks and energy drinks respectively. Collectively, these findings suggest 512 that intermittent access to sucrose solution or sucrose plus caffeine solution increases anxiety-513 like behaviours prior to expected access. However, following access to solutions no differences 514 between groups were observed in anxiety-like behaviour. 515
The current study did not have a caffeine only treatment group. Such group was omitted 516 as the presentation of caffeine alone, due to its bitter taste, deterred consumption during the 2 h 517 binge period. Future studies could utilise non-caloric sweeteners, e.g. saccharin, to enhance 518 palatability of the solution, however, saccharin consumption impacts on motivated behaviour in 519 rats (Vendruscolo et al., 2010) , and this group may show a different behavioural phenotype. These data indicate that caffeine may protect against high sucrose diet evoked cognitive 527 impairment, as CafSuc treated rats did not show memory deficits and had comparable 528 parvalbumin immunoreactivity compared to controls. However, CafSuc treatment significantly 529 reduced doublecortin immunofluorescence. These data suggest that regular energy drink 530 consumption potentially alters emotional behaviours and highlights the need for recommended 531 intake guidelines. 532
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